GSDs may have prenatal or neonatal onset, leading to fetal demise or death within the first year of life, whereas other GSDs may exhibit only mild exercise intolerance or no clinical symptoms until adulthood (e.g., adult polyglucosan body disease). 7 Early diagnosis is critical for prompt and proper patient management to minimize organ damage and maximize the life span of the patient.
The diagnosis of GSD used to depend largely on invasive liver or muscle biopsies and biochemical assays. 2 Enzyme study data are limited, and the more broadly available DNAbased testing allows accurate diagnosis when enzymological results are ambiguous or unavailable. Nevertheless, given the genetic heterogeneity in the population, serial testing of each gene is expensive and time-consuming, and often results in a delayed diagnosis that slows the implementation of appropriate care.
Massively parallel sequencing (MPS), also known as nextgeneration sequencing, has been shown to be an efficient, accurate, and cost-effective method of identifying disease genes. [8] [9] [10] For clinically and genetically heterogeneous diseases caused by a group of genes involving a common metabolic pathway, MPS can also be used for simultaneous sequencing of the group of candidate genes. [11] [12] [13] To facilitate Table S1 online). This approach eliminates the hurdle of having to prioritize multiple candidate genes for step-wise sequencing.
materials and methods

Patients
Patient samples were submitted to the medical genetics laboratories at Baylor College of Medicine for sequence analysis of the gene(s) causing GSDs. Samples that were negative for mutations in the gene(s) requested to be tested were subjected to MPS analysis of a panel of 16 genes potentially responsible for GSDs. The analyses were performed in accordance with the protocols approved for human subjects by the institutional review board at the Baylor College of Medicine.
Validation using control samples containing previously identified mutations
DNA samples from seven patients with known mutations in GSD genes (as identified by Sanger sequencing) were selected as positive controls for MPS validation (patients (Ps)1-7 in Table 1 ). This included two mutations each in G6PC and PHKA2, and one each in SLC37A4, GBE1, and PYGM. The types of mutation were single-nucleotide substitutions, small deletions/insertions, and large exonic deletions.
detection of mutations in patients with no previous molecular diagnoses
Seventeen samples (P9-24 in Table 1 ) from patients with clinical, histochemical, and/or enzymatic findings of a GSD, but no molecular diagnoses, were analyzed using MPS in an attempt to identify causative mutations. An in-solution-based capture library was custom-designed to enrich the coding regions of target GSD genes in accordance with the SeqCap EZ Choice Library User's Guide (Roche NimbleGen, Madison, WI). The sample preparation was carried out in accordance with the manufacturer's recommendation. Equal molar ratios of 10 indexed samples were pooled to be loaded to each lane of the flow cell for sequencing on a HiSeq2000 (Illumina, San Diego, CA) with 75 cycle single-end reads.
mPs data analysis
Raw data in base call files (.bcl format) were converted to qseq files before demultiplexing using CASAVA v1.7 (Illumina). Demultiplexed data were further processed by NextGENe software for alignment (SoftGenetics, State College, PA). All mutation calls were further reviewed and confirmed by Sanger sequencing. An in-house bioinformatics pipeline was used for the variant annotation.
confirmation of sanger sequencing data
All mutations and novel variants detected using MPS were confirmed by Sanger sequencing. Sequence-specific oligonucleotide primers linked to M13 universal primers were designed to amplify all coding exons and the flanking intronic regions. Sequencing reactions were performed using the BigDye Terminator cycle sequencing kit (version 3. Figure S1 and Table S2 online). Both the sensitivity and the specificity for 50,062 base calls per sample were 100% for the comparison with the results of Sanger sequencing of the same set of samples ( Table 2 ). Besides the highly reproducible nature of the MPS, one particularly beneficial feature of this capture/ sequencing is the deep coverage of every coding exon of every gene. As previously reported by others, the depth of coverage is such that complementary Sanger sequencing is not required for coding regions of low or no coverage.
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Verification of known mutations by mPs
Mutations previously identified in seven patients with GSDs were correctly detected by MPS ( Table 1) . Patient 1 was an infant with mild hepatosplenomegaly. Previous PCR analysis had failed to amplify exons 3-5 of the G6PC gene. Subsequent targeted array comparative genome hybridization confirmed a homozygous deletion of exons 3-5. MPS (Figure 2a) failed to detect exons 3-5, whereas exons 1 and 2 in this patient, and all G6PC exons in control samples in the same run had an average coverage of >600X per exon (Figure 2a) , suggesting a homozygous deletion of exons 3-5 in this patient. Similarly, a homozygous deletion of a single exon of the GBE1 gene was detected in P4, a male infant whose parents were second cousins. The infant was hypotonic and had respiratory difficulty immediately after delivery. An echocardiogram identified a large patent ductus arteriosus. Histopathologic studies of a muscle biopsy suggested GSD IV, given the presence of abnormal glycogen. Follow-up enzyme studies confirmed glycogen branching enzyme deficiency. 15 PCR amplification of coding exons for Sanger analysis failed to amplify exon 16, the last exon of the GBE1 gene, and no mutations were detected in the other exons of the GBE1 gene. The MPS sequencing did not detect exon 16 (Figure 2b ). Other exons in the GBE1 gene of this patient, and all exons in control samples, had full coverage of greater than 600X. These results indicate that deep coverage of all coding exons allows the detection of homozygous large exonic deletions. This patient died of GSD IV-related complications within 1 month after birth. Patient 2 presented with hypoglycemia, hepatomegaly, elevated triglycerides, and lactic acidemia, suggestive of GSD Ia. A heterozygous c.379_380dupTA (p.Tyr128Thrfs*3) mutation and a novel heterozygous c.533C>T (p.Pro178Leu) variant were detected in the G6PC gene by Sanger sequencing ( Table 1) . The c.379_380dupTA (p.Tyr128Thrfs*3) is a common mutation in patients with GSD Ia, whereas the c.533C>T (p.Pro178Leu) is a novel change. Other amino acid substitutions at the same position, namely, p.Pro178Ala and p.Pro178Ser, have been reported in patients with GSD Ia. 16, 17 Targeted MPS successfully detected these two mutations with a coverage of 730X. No other deleterious mutations were detected in other GSD genes in the panel. However, samples from the parents were not available for the determination of the phase of these two mutations.
P3 harbored three heterozygous novel variants, c.467C>T (p.Ala156Val), c.572C>G (p.Pro191Arg), and c.1024T>C (p.Ser342Pro) in the SLC37A4 gene. All three missense variants were confirmed by our targeted gene capture MPS method ( Table 1) . The c.467C>T (p.Ala156Val) and c.572C>G (p.Pro191Arg) are relatively close to each other and always appear in the same reads in MPS data; therefore, they appear to be in cis configuration. Unfortunately, samples from the parents were not available for testing to determine whether the c.1024T>C (p.Ser342Pro) variant is in trans configuration with the other two variants.
The details of P4 have been described earlier in the text, together with those of P1.
P5 was a teenage patient with recurrent rhabdomyolysis, suggestive of GSD V. Sanger sequencing analysis identified a heterozygous frameshift mutation, c.21_28dup8 (p.Lys10Thrfs*19), in the PYGM gene. The MPS analysis correctly detected this heterozygous 8 bp duplication but found no mutations in other GSD genes (Figure 3a) . Given that GSD V is an autosomal recessive disorder, the identification of a single heterozygous mutation does not confirm the diagnosis. Recurrent rhabdomyolysis may be caused by mutations in other genes, including other muscle forms of GSDs, as well as disorders of fatty acid oxidation and mitochondrial respiratory chain disorders. 18 DNA from this patient was analyzed using MPS for a group of 24 genes responsible for metabolic myopathy. Of note, a heterozygous c.1784delC (p.Ala596Glnfs*2) frameshift mutation and a heterozygous c.122C>T (p.Pro41Leu) novel missense variant in the CPT2 gene were detected. It was thereby shown that the rhabdomyolysis in this patient was caused by CPTII deficiency.
P6 and P7 had mutations in the glycogen phosphorylase kinase alpha subunit gene, PHKA2 (GSD IXa, X-linked). Using MPS, a hemizygous frameshift mutation, c.3648_3649delAA (p.Arg1217Serfs*26), was confirmed in the male patient (P6) and a heterozygous missense mutation, c.3614C>T (p.Pro1205Leu) was confirmed in the female patient (P7) ( Table 1) . No other mutations were identified in other GSD genes in either of these patients.
detection of mutations in previously undiagnosed patients
A total of 17 DNA samples from unrelated individuals with clinical and/or enzymatic findings suggestive of GSD but without identified mutations were analyzed using the Figure 2 large exonic homozygous and hemizygous deletions can be detected by massively parallel sequencing. The x-axis denotes the gene structure and corresponding exons, and the y-axis denotes the coverage scale. Four samples, patient (P)1, P2, P4, and P20, are presented. P2 is the normal control in the same run. (a) The exons 3-5 in the G6PC gene in P1 were not covered by any reads (top row), whereas the same exons in samples taken from P2, P4, and P20 were uniformly well covered (lower three rows). This result is consistent with the homozygous deletion of exons 3-5 previously detected in P1. 30 (b) Exon 16 in the GBE1 gene showed no coverage in P4. (c) A hemizygous deletion of exons 27-30 was detected in the PHKA2 gene in P20.
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capture/sequencing approach. Deleterious mutations or novel variants in various GSD genes were detected in 11 of the patients (11/17 = 65%). All mutations or novel variants detected by MPS were confirmed by Sanger sequencing.
P8-P15 had clinical symptoms suggestive of a liver-related form of GSD. Earlier Sanger sequencing analysis of the G6PC gene (GSD Ia) in these patients did not detect deleterious mutations. MPS analysis of the GSD-related genes identified mutations in four of the patients ( Table 1) . A novel homozygous c.785-3_786del5 (p.?) deletion was detected in the SLC37A4 gene (G6P translocase, GSD Ib) in P8. This deletion disrupts the invariant splice acceptor site of intron 5 of SLC37A4 and is therefore classified as a deleterious mutation 19 (Figure 3b ). P9 and P10 both harbored a heterozygous frameshift mutation and a novel missense variant (Table 1, Figure 3b,c) . In patient 11, a heterozygous c.256C>T (p.Q86*) mutation (Figure 3e ) and a heterozygous novel missense variant, c.2723T>G (p.Leu908Arg) (Figure 3f ) in the AGL gene (debranching enzyme, GSD III) were detected.
P16-P20 were deficient in one of the enzymes of glycogen metabolism, but the diagnoses had not been confirmed by molecular testing. MPS analysis detected mutations in the genes corresponding to the deficient enzymes in P17-P19. Two heterozygous mutations were detected in the AGL gene in P17 and P18, both of whom had debranching enzyme deficiency ( Table 1) . A hemizygous frameshift mutation, c.2609delC (p.Pro870Glnfs*44), was detected in the PHKA2 gene in P19; this patient's enzyme study result was highly suggestive of GSD IX. However, in the other two patients, P16 and P20, the enzyme study results were inconsistent with molecular findings. P16 had debranching enzyme deficiency, whereas no mutations were detected in the AGL gene. Instead, a heterozygous missense mutation, c.698G>A (p.Pro233Asp), 20 and a heterozygous nonsense mutation, c.2467C>T (p.Gln823*), were detected in the liver isoform of glycogen phosphorylase, the PYGL gene (GSD VI) ( Table 1) . P20 had phosphorylase enzyme deficiency suggestive of GSD VI; however, previous Sanger sequencing analysis of the PYGL gene had not detected any mutations. The MPS analysis detected a hemizygous large deletion encompassing exons 27-30 of the PHKA2 gene. The mother of this patient was confirmed to be carrying the same deletion.
P21 and P22 had clinical and histochemical findings strongly suggestive of GSD. Enzymatic analysis of the liver biopsy was not performed in these patients. MPS analysis confirmed the diagnosis of GSD by identifying a hemizygous mutation, c.133C>T (p.Arg45Trp) in the PHKA2 gene in P21 and a homozygous frameshift mutation, c.379_380dupTA (p.Tyr128Thrfs*3), in the G6PC gene in P22 ( Table 1) .
The diagnosis of GSD could not be confirmed in P12-P15, and P23 and P24. Either no deleterious mutations were detected in any of the GSD genes analyzed, or only one heterozygous unclassified variant was detected in an autosomal recessive gene.
discussion
The ability to sequence a group of candidate genes simultaneously makes the MPS technology an ideal approach to the molecular diagnosis of a genetically heterogeneous and clinically difficult to distinguish genetic disorder such as GSD. Sixteen genes that are known to cause either liver or muscle forms of GSDs were included in this panel test (Supplementary Table S1 online). The unbiased capture and deep coverage of each coding exon and adjacent intronic region of all genes in this panel ensures the accuracy of mutation detection. Currently, the reported MPSbased analysis of target genes relies on multiplex PCR enrichment of the coding sequences, requiring routine confirmation with additional Sanger sequencing for genes harboring low-or no-coverage exons. 11, [21] [22] [23] The MPS-based sequence analysis of the genes involved in glycogen metabolism presented here relies on in-solution probe hybridization for the capture of target sequences under one uniform condition, followed by MPS with deep coverage. This strategy provides an average base-by-base coverage of >600X in all target regions. Therefore it does not require additional Sanger procedures to cover any problematic exons; it provides reliable results in a single step, with reduced turnaround time in reporting the results.
clinical utility of mPs-based analysis of Gsd genes
GSD is a group of genetically heterogeneous inborn metabolic disorders. Current molecular diagnoses rely on step-wise Sanger sequencing of individual genes. This conventional approach is expensive and time consuming. The overall yield is low because of the limited number of candidate genes that can be sequenced; therefore a molecular diagnosis cannot be established for many persons in whom GSD may be suspected. We have developed MPS-based analyses of the genes that are known to be implicated in GSD and validated them for clinical testing (Supplementary Table S1 online). Depending on the predominant clinical features, GSD-related genes can be divided into two groups: those giving rise to the liver forms of GSD and those giving rise to the muscle forms of GSD; some GSDs (types II, III, and IXb) can affect both liver and muscle. In patients who have clinical and histochemical indications of a GSD but in whom evidence of organ involvement is ambiguous, the molecular testing of all GSD genes is likely to confirm a diagnosis. The testing of a panel of relevant genes simultaneously can greatly shorten the time required to reach a confirmed diagnosis, thereby facilitating appropriate patient care and genetic counseling.
There is no doubt that whole-exome sequencing is the future of molecular diagnosis. This is especially so for complex disorders that have less specific clinical findings and therefore present difficulties in identifying the group of genes to be analyzed. 9 However, in defined diseases or syndromes such as GSD, biochemical markers or clinical features can easily direct the investigation of a specific pathway or a group of genes responsible for the disease condition. In such cases, MPS-based target gene analysis has been proven to be an efficient and cost-effective approach. 11, 24, 25 This study demonstrated that 65% (11/17) of the patients with no previous molecular diagnosis of GSD did indeed carry mutations in one of the GSD-related genes, thereby confirming the presumptive clinical diagnosis ( Table 1) . Of course, the detection rate is highly dependent on an accurate clinical evaluation.
Of a total of eight patients in whom GSD Ia was suspected, three did not have mutations in G6PC; rather, they had mutations in SLC37A4 (GSD Ib) ( Table 1) . Theoretically, GSD Ia can be distinguished from GSD Ib by a clinical evaluation. GSD Ib is associated with impaired neutrophil and monocyte function and chronic neutropenia, resulting in recurrent bacterial infections and oral and intestinal mucosal ulcers. 26 However, these clinical features may not occur in the first few years of life. P10 and P11 were infants, and neutropenia was not part of their clinical presentation. Therefore the absence of neutropenia from the clinical picture may not be sufficient per se to suggest the presence of GSD Ia rather than GSD Ib in young patients. GSD Ia is the more common of the two types, and molecular testing as well as biochemical assays are readily available to identify it. Biochemical evaluation for GSD Ia involves assaying the catalytic activity of glucose-6-phosphatase, which can be readily measured in snap-frozen liver biopsy samples. In contrast, GSD Ib involves measuring the activity of glucose-6-phosphate translocase (transporter), which is difficult to carry out in frozen liver samples. A fresh liver specimen is often needed to accurately assay the enzyme activity. Consequently, most clinical diagnostic laboratories do not offer this enzyme activity assay. 3 The confirmation of the diagnosis of GSD Ib therefore relies mostly on DNA analysis of the SLC37A4 gene. Mutations in SLC37A4 are estimated to account for ~20% of GSD I. 27 However, this mutation frequency may be an underestimate, given the limited availability of molecular and biochemical testing for GSD Ib. Although the sample size in our study is small, our results suggest that close to 40% (3/8) of patients with no GSD Ia mutations may nevertheless have GSD Ib. With the availability of MPS-based analysis of GSD, the estimated frequency of GSD Ib may need to be revised. GSD III is caused by defects in the glycogen debranching enzyme. It is characterized by variable levels of involvement of the liver, cardiac muscle, and skeletal muscle. Liver involvement is typically present in infancy, whereas hypertrophic cardiomyopathy develops during childhood. Skeletal muscle weakness is usually not evident in childhood but slowly progresses and becomes prominent in the third to fourth decade of life.
28 P11 was a 2-year-old boy who showed only liver involvement, suggestive of GSD Ia. Previous Sanger sequencing analysis of G6PC did not detect any mutations in this patient. An analysis of the genes responsible for the liver form of GSD revealed a heterozygous c.256C>T (p.Gln86*) mutation and a heterozygous novel missense variant, c.2723T>G (p.Leu908Arg) ( Table 1) in the AGL gene in this patient, suggesting a diagnosis of GSD III. These examples show that patients may not have developed the full spectrum of symptoms at the time of their clinical evaluation. With limited availability of enzymatic analyses and ambiguous histochemical findings, making a specific clinical diagnosis of GSD in young patients may be difficult.
P16 had debranching enzyme deficiency suggestive of GSD III; however, no mutations were detected in the AGL gene. Instead, two heterozygous mutations in the PYGL gene were detected. Debranching enzyme activity can be measured in biopsy samples from liver or muscle. However, improper handling of samples or an inaccurate enzyme assay can lead to falsepositive or false-negative results. P20 was a boy who had liver glycogen phosphorylase enzyme deficiency consistent with GSD VI. Previous Sanger sequencing of the hepatic phosphorylase gene PYGL did not reveal any deleterious mutations. The MPSbased analysis detected a hemizygous large deletion encompassing exons 27-30 in the X-linked phosphorylase kinase, PHKA2 gene ( Table 1) . The PHKA2 gene encodes the α subunit of phosphorylase kinase (PhK) in the liver. The enzyme PhK activates the inactive form of glycogen phosphorylase b to the active form, phosphorylase a, and the total phosphorylase activity is regulated by PhK. 29 Therefore, a deficiency in glycogen phosphorylase may be the result of impairment of the phosphorylase itself or of its regulatory protein, the glycogen phosphorylase kinase, PhK. Furthermore, there are multiple tissue-specific forms of PhK subunits that may be responsible for the apparent phosphorylase deficiency. These two examples indicate that, although enzyme assays are important in identifying GSD, the ultimate diagnosis must rely on molecular confirmation. This approach would also reduce the need for tissue biopsies.
In this study, the diagnosis of GSD could not be confirmed in 6 of 17 (35%) patients. These were patients who either carried no identifiable deleterious mutations or harbored only one heterozygous unclassified variant in one of the autosomal recessive genes. There are several possible reasons for these results. First, these six patients may not have GSD. Some of the clinical features, such as hepatomegaly and muscle weakness are nonspecific and difficult to distinguish from those caused by fatty acid oxidation disorders, mitochondrial diseases, and other metabolic storage disorders. Indeed, none of the six patients had clear clinical indications or laboratory findings supporting the diagnosis of GSD. Second, although this test has 100% sensitivity and 100% specificity as compared with the Sanger method, it is limited to the targeted coding exons and the adjacent 20 bp of the intronic regions. Mutations in nontargeted deep intronic and regulatory regions will not be detected by this assay. Finally, the mutations could have been in genes that were not targeted in the probe design.
large deletions and other types of mutations detected using mPs
The uniform deep coverage of all coding exons and the flanking intron regions allows the detection not only of singlenucleotide substitutions and small deletions and insertions (Figure 3a-f) but also of large deletions involving single or multiple exons. Homozygous (Figure 2a,b) or hemizygous (Figure 2c ) deletions can be easily identified by the absence of coverage in the targeted regions. However, detection of heterozygous exonic deletions will be more challenging. Our data show that there is uniform coverage of the same coding regions across different samples (Figure 2a-c) . Computational programs similar to the ones used in the detection of heterozygous copy-number changes in the oligonucleotide microarray comparative genomic hybridization analysis can be designed for the analysis of the sequence read coverage to detect a heterozygous exonic deletion. All large deletions detected by MPS should be further confirmed through a second methodology such as targeted array comparative genome hybridization, 30 Multiplex Ligation-dependent Probe Amplification (MLPA), or quantitative PCR. Because the MPS targeted enrichment focuses only on the coding regions, this GSD panel test cannot identify a deletion breakpoint if it falls within deep intronic regions, but it is able to map the exact breakpoint if the deletion is within a coding region.
advantages and limitations of mPs testing for molecular diagnosis
In comparison with the most commonly used multiplex PCR enrichment method for MPS sequencing, 31 the custom-designed in-solution capture is better suited for clinical diagnostics because it can be easily scaled up and automated with robotic liquid handling. For a clinical test, all novel variants with possible clinical significance must be verified. This verification step is necessary so as to remove incorrect calls caused by experimental error and to confirm the variant calls. The confirmation of a large number of novel variant calls is time-consuming, resulting in a long turnaround time. Therefore, to adapt MPS-based testing to a clinical diagnostic setting, it is recommended that all primers to be used for confirmation of any positive findings be validated.
The turnaround time for this MPS-based panel testing, including confirmation of the positive calls through Sanger sequencing, is ~8 weeks. This is a very reasonable time span for a test of such high complexity, as compared to the 3-6 weeks taken for a simple single-gene analysis using the Sanger method. The simultaneous analysis of 16 genes reduces the average time and cost involved when compared to the traditional step-wise approach. With the improvement of sequencing chemistries, computational algorithms, bioinformatics analytical tools, interpretation of variants, 32 and shortened turnaround time, reliable and fully validated MPS-based clinical tests will eventually become the mainstay of molecular diagnoses.
In summary, this study is the first to demonstrate the utility of a "clinical grade" MPS approach with 100% sensitivity and specificity of sequence analysis. Our recent review of the up-to-date publications revealed that there are issues related to clinical testing validation when adapting MPS technology for the molecular diagnosis of genetic disease in a clinical setting. 33 Sanger sequencing can detect the variants at any position in the regions of interest, while the low coverage of exons by MPS may produce substantial false-negative results. The targeted enrichment, sequencing chemistry, and computational analysis can also lead to false-positive results, as has been demonstrated in these publications. Our data underscore the importance and clinical utility of MPS-based analysis in the molecular diagnosis of a defined disorder that may be caused by defects in multiple genes. The high-throughput MPS strategy for simultaneous analysis of all the genes responsible for liver and muscle forms of GSD greatly helps in the diagnosis of GSD in a costand time-efficient manner.
